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INTRODUCTION
Keeping concrete humid as long as possible, after casting, is of paramount importance in order to generate the maximum amount of hydrated solid products from Portland cement compounds; this enables a low porosity/low permeability cement paste, increasing the concrete's mechanical strength and making difficult the penetration and diffusion of aggressive environmental agents.
Currently, it is accepted that curing water externally applied in a concrete element only affects a superficial layer 30 to 50 mm depth (Neville 2011) . As compounds D r a f t are hydrating, cement paste becomes more impervious, and it is increasingly difficult for the externally applied curing water to move inside the concrete. Parrot's experimental work (1988) showed that the moisture movement inside concrete is limited to 35 mm depth after 172 days for a concrete mixture with w/c of 0,59.
Since little more than a decade, internal curing has been considered as an alternative medium to provide water to the cement hydration from the freeing of absorbed water in the aggregates (Bentz and Weiss 2011) . Klieger (1957) is maybe the first one to glance the potential of this curing technique while publishing that lightweight aggregates absorb a considerable amount of water during mixing and that water could transfer to the paste during hydration.
Internal curing is defined as supplying water throughout a freshly placed cement mixture using wetted lightweight aggregates that release water as needed for hydration (ACI CT-13 2013) .
This curing technique is especially helpful in concretes with low w/c, due to the high amount of cement involved that, in one way, makes critical the phenomena of self-desiccation produced by the exothermic reactions of the cement hydration;
and, in another way, makes low permeability concretes that difficult water mobility inside concrete. Internal curing allows that the freed absorbed water from the aggregates distributes uniformly and provides water to the paste system (Bentz et al. 2005) , which promotes hydration of cement as much as possible.
In order for the internal curing to proceed, the water reservoir contained inside the aggregate should be easily released. Water mobility, from the aggregates toward the paste, begins in the biggest pores and continues with the ones with lower D r a f t diameter as the first ones are depleted. As certain critical pore diameter is reached, water does not have the energy to be transferred and the internal curing ends.
The internal curing effect could begin immediately after cement hydration starts.
During the first hours cement paste is highly permeable, so that the water is able to move easily, up to 2 mm from the internal reservoir source; after 28 days, permeability of the cement paste has diminished considerably, and water mobility is limited to 100 to 200 µm (Bentz and Snyder 1999) .
Common practice to promote internal curing consists in employing special aggregates that function as agents incorporating water to the cement. There are two types of agents: natural lightweight aggregates (as vermiculite, perlite, pumice, etc.) and super absorbent polymers; in both cases, a percentage of normal aggregate is substituted by the special aggregate that works as curing agent. The amount of absorbent aggregates necessary in a mixture to obtain an efficient internal curing has been modeled based on the amount and chemical shrinkage of cement, the expected degree of hydration, and the absorption and degree of water saturation of the aggregate (Bentz and Snyder 1999; Bentur et al. 2001 ).
The study reported in this paper was performed in the Yucatan peninsula. In this region, crushed limestone aggregate is used for concrete. Unlike other types of aggregates -as the igneous rocks-limestone exhibit wide variability in its properties due to the original layered sediments; the above is due to the specific conditions under which the limestone were consolidated, by area and strata.
The mechanical strength of the limestone of this region is relatively low. Results of mechanical tests on these rocks have been published (Espinoza et al. 1996) (Ortiz et al. 1995) .
The level at which the rocks are extracted which are used to produce aggregates in the Yucatan peninsula is variable but is generally above the location where the pore water pressure is under atmospheric conditions (i.e. the water other compounds identified were: iron oxide (0,08%), sulfates (0,004 %), nitrate (0,004%) and chloride (0,002%). Table 1 presents the statistical parameters of the physical properties calculated from ten samples of aggregates, which were characterized in a previous study (Solís and Moreno 2008) . One can observe that the mean relative density of the gravel was less than 2,4, which is the limit for normal-weight aggregate (ASTM C 125 2011). Also, the average absorption for both aggregates was greater than 4,0%. The original report shows that the absorption of about half the samples are within the limits of the measured values of lightweight aggregates that are often used as internal curing agents -6 % to 30 % (Castro et al. 2011) . In contrast, normal aggregates used in concrete have absorption levels in the range of 0,2% to 4% for coarse aggregate and 0,2 to 2% for fine aggregate (Kosmatka and Panarese 2002) .
Previous work with concrete made with the aggregates described above, have suggested that this specific type of aggregate can produce an internal curing; the above on the basis that no significant differences were found between the mechanical strength of standard and naturally cured concrete specimens (Solís and Moreno 2005 , Solís et al. 2011 ).
An alternative hypothesis to explain the standard curing minimal effect on the compressive strength, has been considering the possibility that the tropical D r a f t environment of the Yucatan peninsula provide the necessary conditions for naturally curing (Moreno et al. 2008 there is no winter season, and the rains are abundant. While w, which represents the subgroup -which depends on the humidity-, means dry winter season (Huntley and Walker 1985) .
The objective of the present investigation was to determine if the normal-density high-absorption limestone aggregate behaved as an internal curing agent for concrete; in order to do so, results of the compressive strength, porosity and permeability of concrete subjected to three different curing treatments were compared.
METHODOLOGY
To observe the effects of internal curing attributable to the absorption of the aggregates proof of the release of water from that absorbed by the aggregates should be attained by a desorption curve. After that, three different curing treatments were applied to concrete specimens produced in laboratory: cured by immersion in water, which was named T1; natural curing environment under D r a f t shade, which was designated T2; and cured under controlled temperature (22 ± 0.5 °C) and relative humidity (60 ± 5.0%), which was designated T3.
T1 treatment is sought to have the optimal condition of humidity and moisture in the concrete; with T2 is sought to limit concrete moisture which may obtain from both the environment and the absorption of the aggregates; and with T3 treatment is sought a condition of low humidity, which would force the release of moisture from the aggregates.
The unit of analysis of the study was the concrete prepared with a specific type of high-absorption limestone aggregates. To compare measurements made on them, concrete specimens with low absorption aggregate were prepared; these were: marble gravel and silica sand.
Three types of concrete were prepared: with limestone aggregates (L), marble gravel and silica sand (MS) and marble gravel and limestone sand (ML). For the first type concrete specimens were manufactured with two different aggregate samples (concrete L1 and L2) from the same geological region, seeking to observe the variability of the results for the same type of aggregate. For concrete type ML a third fine aggregate limestone (lms.) sample was used. Table 2 shows the physical properties measured on samples of the aggregates used.
All concrete mixtures were designed using the ACI by absolute volume method Table 3 for the four concrete mixtures employed.
Aggregates before mixing had about 50% of the absorption. Water was added up to 80% of the total aggregate absorption to compensate absorption during mixing.
Also, it can be observed that mixture MS required less amount of water due to the smooth surface of the aggregates employed.
The different types of concrete were manufactured in the laboratory; the following day after molding, the specimens were randomly assigned to one of three treatments curing (T1, T2 y T3).
The variables that were measured in the concrete, as an indirect way of observing the cement hydration, were: compressive strength (ASTM C 39 2012), porosity (ASTM C 642 2013) and permeability (SIA 262/1-E 2003) . The first one after 28
and 90 days of casting, and the last two after 90 days of casting. If not enough curing is provided, then compressive strength should be lower than expected and porosity and permeability of the material should be higher than expected.
To measure compressive strength, test cylinders 15 cm in diameter by 30 cm tall were used; for porosity, test cylinders 10 cm in diameter by 20 cm tall were used;
and for permeability, prismatic specimens 15 cm by 15 cm by 60 cm were used. Climatic conditions in which the experiment was conducted is shown in Figures 1 and 2. In the first figure, the average, minimum and maximum temperatures of each day are plotted during the period in which the specific T2 treatment were exposed to the environment, and in the second figure, the average, minimum and maximum relative humidity of each day are plotted during the same period.
RESULTS
The results of the desorption curved are shown in Figure 3 . It can be observed that almost 40% is released at 80% RH, and more than 90% is released at 70%, thus proving that the water is released when it is needed for continuing curing the cement paste. Table 4 , where it can be seen that for the two test ages, according to the significance values, the means of resistance were different for concrete types MS and ML.
From post hoc test for multiple comparisons pairs of compressive strength means that were statistically different were identified. At the age of 28 days, for the concrete type MS compressive strength means were different for the following combinations of treatments: T1 -T2 (significance 0,001) and T1 -T3 (significance <0,001) and for the concrete type ML, for combination T1 -T3 (significance 0,001).
At 90 days, for both types of concrete the compressive strength means were different for the following combinations of treatments: T1 -T2 (significance <0,001
for MS and 0,002 for ML) and T1 -T3 (significance <0,001 for both).
The results of the porosity testing at 90 days are presented in Table 5 , which contains the mean and standard deviation for each type of concrete and for each of three curing treatments applied. In the same way as for the compressive strength, also presents the average and standard deviation of the porosity of concrete with limestone, given as a single group (L's), of the concrete made with the two samples of this type of aggregate.
Analysis of variance from porosity tests showed significant mean differences only for concrete manufactured with marble-silica aggregates (MS), for different curing treatments (significance 0,001).
D r a f t
From post hoc test for multiple comparisons of porosity for concrete type MS, combinations of T1 -T2 (significance 0,002) and T1 -T3 (significance 0,003) were identified as statistically different.
The test results of air permeability measured after 90 days are presented in Table   6 , which contains the mean and standard deviation for each type of concrete manufactured for each of the three curing treatments applied. It also presents the results considered as a single group (L's), of the concrete made with the two samples of limestone aggregate.
Analyses of variance (ANOVA) were performed to test the statistical difference in mean permeability of concrete types subjected to three different curing treatments.
The results are shown in Table 7 , in which it can be seen that, according to the significance values for all types of concrete, permeability differ between some of the curing treatments.
From post hoc test for multiple comparisons pairs of permeability means that were statistically different were identified. For non absorbent concrete aggregates (marble-silica) differences were found in the compressive strength when the curing treatment was varied. At the age of 28 days, concrete cured under natural environment had 73,9 % of the compressive strength of standard cured concrete, and concrete cured under low humidity environment had 70,6 % of that compressive strength; in both cases the means were significantly different from that of the standard cured concrete. At 90 days, concrete cured under natural environment had 67,7 % of the compressive strength of standard cured concrete, and concrete cured under low humidity environment had 64,9 % of that compressive strength; in both cases the means were significantly different from that of the standard cured concrete.
From the above, it can be assumed that in concrete with absorbent limestone aggregates, the degree of cement hydration was similar for all three curing treatments; whereby, for the case of concrete exposed to a low humidity curing environment, the cement paste should be kept in a state close to saturation.
Evaporation, deliberately caused in these concretes, must be compensated by the effect of the release of water contained in these high porosity aggregates, i.e. by internal curing. In contrast, it can be assumed that in the non absorbent concrete D r a f t aggregates the degree of cement hydration was lower when concrete was cured under natural and low humidity environments.
With regards to the possible effect of natural curing concrete, caused by tropical climate characteristics such as that of this study, no significant differences were found between the means of the compressive strength of concrete cured under natural and low humidity environments; the above, either for absorbent aggregates, as well as for non-absorbent. Therefore, it can be assumed that the degree of cement hydration for both environments were similar, and it cannot be assumed that the natural curing phenomenon is attributable to sub-humid climate, as suggested in a previous work in which compressive strength of concrete exposed
to the same climate was tested (Moreno et al. 2008 ).
In the case of concrete made with non absorbent gravel (marble) and absorbent sand (limestone) similar results were obtained to the case discussed above with concrete made with both non absorbent aggregates. The only difference was that at 28 days of age, the compressive strength of concrete cured standard and under natural environment showed no significant difference, which itself was held at 90 days; at this age concrete cured under natural environment had 89.9% of the compressive strength of concrete with standard cure. From the foregoing, it can be assumed that the absorbent limestone sand alone also had an internal curing effect on the concrete, although the effect was smaller than that attributed to the combination of both absorbent aggregates.
With respect to porosity, no significant differences in means were obtained in concrete with absorbent limestone aggregates when the curing treatment was varied; while for non-absorbent aggregates (marble-silica) differences in porosity were observed when the curing treatment was varied. The concrete cured under natural environment had a porosity of 105.0% of that of concrete with standard curing, and the concrete cured under low humidity environment had 109.2% of that porosity; in both cases the means of these values were significantly different from that of the average standard curing concrete. It was noted that the high porosity percentages that were measured are typical of concrete prepared with this type of aggregate (Solís and Moreno 2006) .
From the porosity it can also be assumed that in the concrete with absorbent limestone aggregates the degree of cement hydration was similar for all three curing treatments. In contrast, it can be assumed that in concrete with non absorbent aggregates the degree of cement hydration was lower when the specimens remained in natural and low humidity environments.
With regard to permeability, significant differences were found in all the concrete mixtures when the curing treatment was varied. For absorbent aggregate concretes, those cured under natural environment had, on average, 3 418% of the permeability measured with standard curing concrete, and was those cured in a low humidity environment had, on average, 5 825% of that permeability. From the foregoing, it can be assumed that the superficial layer of concretes cured under natural and low humidity environments had a degree of cement hydration much lower than the standard curing concrete; the previous is of utmost importance for the durability prognosis of them. According to the quality criteria defined from the air permeability test (SIA 262/1-E 2003) , all standard curing concretes can be described as average to very good; while all concretes cured under natural and low humidity environments can be classified as poor concrete.
CONCLUSIONS
For concrete with normal-density high-absorption crushed limestone aggregates that were studied similar levels of porosity and compressive strength were reached, either in those with standard curing as well as those cured under natural environment and low humidity conditions; the above was possible due to the effect of internal curing.
The surface layer of concretes cured under natural environment and low humidity had a high level of permeability, which compromised their durability so they could be regarded as poor quality concrete; this shows the importance of the curing processes for the concrete to reach durability. Table 8 . Significant values from post hoc test for multiple comparisons of permeability means after 90 days for concrete subjected to the three curing treatments. T1  T2  T3  T2  T3  T1  T3  T1  T2   L1  0, 
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